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Superconducting quantum circuits are typically operated at low temperatures (mK), necessitating
cryogenic low-noise, wide-band amplifiers for signal readout ultimately also compatible with room
temperature electronics. While existing implementations partly meet these criteria, they suffer from
certain limitations, such as rippled transmission spectra or limited dynamic range, some of which
are caused by the lack of proper impedance matching. We develop a MIcrostrip Kinetic Inductance
Travelling Wave Amplifier (MI-KITWA), exploiting the nonlinear kinetic inductance of tungsten-
silicide for wave-mixing of the signal and a pump, and engineer the impedance to 50Ω, while
decreasing the phase velocity, with benefit for the amplification. Despite losses, pumping on our
device amplifies the signal by 15 dB over a 2 GHz bandwidth.
The rapid advance of the last few years in the
field of superconducting qubits has led to a de-
mand for reliable cryogenic microwave amplifiers,
characterized by low noise and large bandwidth1.
Travelling wave parametric amplifiers present a
solution2 with two leading implementations: 1)
Josephson Travelling Wave Parametric Amplifiers
(JTWPA), that employ the Josephson Junction’s
nonlinear (tunable) inductance to yield a nonlin-
ear wave-equation and wave-mixing3–6, and 2)
Kinetic Inductance Travelling Wave Amplifiers
(KITWA)7–11, which exploit the high nonlinear ki-
netic inductance of certain materials (e.g. NbTiN
or NbN). Devices of both implementations share
the challenge of matching their impedance Z =√
(Ll/Cl), where Ll and Cl are the inductance and
capacitance per unit length, to the 50Ω of conven-
tional high-bandwidth electronics. The boosted
Ll increases Z by up to an order of magnitude
causing ripples in the transmission spectrum11,12.
Various attempts to cope with this issue include
adiabatic tapers at the beginning and end of the
amplifier13, shunting the transmission line by frac-
tal structures9, and by multiple resonators5 to
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lower Z.
While the various attempts to match the
impedance partially succeed, they suffer from cer-
tain disadvantages: Adiabatic tapers extend the
waveguide notably and despite the effort, rip-
ples appear in the transmission spectrum. The
JTWPA’s primary problem is a lower dynamic
range, and it too sometimes fails in fully matching
the impedance of the external electronics17. The
fractal structure is sensitive to fabrication errors
FIG. 1. Fabrication of the MI-KITWA. (a) Graphic il-
lustration of the layers: On the bulk Si substrate (grey),
the WSi (brown) is patterned, followed by the dielec-
tric (orange), and finally covered by the Al ground
(blue). Inset: Launch pad for bonding with isolation
from ground. (b) SEM image of launch pad with all lay-
ers visible (colors matching illustration).
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2FIG. 2. Nonlinearity in single tone measurements. (a) Magnitude of measured signal transmission, as the input power
is altered. Inset: Simulation, accounting also for loss saturation according to the standard TLS model14,15 (assuming
a low power loss tangent of 5× 10−4)16. (b) Unwrapped nonlinear phase of measured signal, referenced to the lowest
power and to the individual power level’s phase at 3GHz. Inset: Linear phase, relative to lowest measured frequency.
and spurious ground plane resonances, requiring
wire bonds across the trace9.
Here, we present a MIcrowave Kinetic Induc-
tance Travelling Wave Amplifier (MI-KITWA).
Instead of Nb alloys, we apply a nanometric layer
of amorphous tungsten-silicide, WSi, whose ki-
netic inductance is sufficiently large, allowing us
to neglect the magnetic inductance. Whereas im-
plementations of other KITWAs we know of are
coplanar waveguides with micronic gaps to the
surrounding ground plates18, the Cl of the MI-
KITWA resembles that of a parallel plate capacitor
with the thickness of a few nm, and can be engi-
neered rather easily to 50Ω.
A significant outcome of increasing Cl is a drop
in the phase velocity, vph = 1/
√
(LlCl), permitting
us to shorten the amplifier by an order of magni-
tude, while still obtaining appreciable amplifica-
tion. By fabrication of superconducting coplanar
waveguide resonators in a separate experiment, we
find that for the relevant cross section the kinetic
inductance per unit length is Lk ∼ 50µH/m. Con-
sequently we require Cl ∼ 20nF/m to equate the
MI-KITWA’s impedance to 50Ω. These high val-
ues of Cl and Ll predict a theoretical vph ∼ 0.004c,
where c is the speed of light in vacuum. We stress
the implication of this result: The effective length
of an 11.6cm MI-KITWA extends to 8.7m of an
equivalent coplanar waveguide with vph = 0.3c.
Even through a short trace (11.6cm here) the trans-
mitted tones can accumulate a significant nonlin-
ear phase sufficient for wave-mixing, and the MI-
KITWA can then be much shorter than previous
implementations7. Concurrently, our simulations
indicate that lower vph enhances the amplification
(while narrowing the operational bandwidth).
The nonlinear inductance is scaled by a current
I? (comparable to the critical current of the trace)
by7,18:
Lkin = L0
(
1+(I/I?)2
)
(1)
The power dependence of Lkin leads to a power-
dependent wave-equation, which we here solve in
the four-wave mixing ansatz (relevant to our ex-
periment). In this case the current can be writ-
ten as a linear combination of pump, signal, and
idler tones (Ip, Is, and Ii). Under the undepleted
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FIG. 3. Two-tone experiments demonstrate the parametric amplification and wave-mixing in the MI-KITWA. (a)
Pump amplification factor Gp for a signal at various fs (at −140dBm), when the power of pump at fp = 7.0GHz
is increased. Inset: Simulations for pump powers −50dBm (red), −80dBm (yellow), and −110dBm (green) show
consistent amplitudes and bandwidth of Gp as in experiment. (b) Idler conversion efficiency measured at fi = 2 fp− fs.
Inset: Simulation with color map as in (a).
pump assumption, |Ip| >> |Is|, |Ii|, the analytical
solution for Ip is7:
Ip(z) = Ip(0)exp
(
i(kpz−ωt)+ ikpzγ
)
(2)
where kp = 2pi fp/vph is the pump’s wave number
and γ = |Ip(0)|2/
(
2|I?|2
)
, i.e. in addition to the
ordinary linear phase (inner brackets in exponent
of Eq. 2), the current also accumulates a nonlinear
phase shift5, kpzγ (here we neglect losses).
In implementations of coplanar KITWAs, wave-
mixing is further controlled by phase matching of
the wave numbers, ks, kp, and ki, corresponding
to the three current tones. This is accomplished
by dispersion engineering, in particular by peri-
odic perturbations of the trace widths (and thus
its impedance), a feature that creates stop-bands
in the transmission spectrum, which also serve to
restrain shock wave generation18. However, with
the strong nonlinearity of our device and its low
vph, we abandon the stop bands and keep the width
(and thus the impedance) constant along the trace,
a property which limits unwanted ripples in the
transmission spectrum.
Fabrication of the MI-KITWA involves three
steps, each shaping a nanometric layer aligned
with that below, illustrated in Fig. 1. The first layer
is the 5nm thick highly inductive WSi trace, cov-
ered by a dielectric, amorphous Si film, a few nm
thicker than the WSi to ensure step coverage, and
engineered to match 50Ω. The recipe is completed
by a global Al ground plane (interrupted only for
the launchers).
All experiments are performed at 20mK. Prior
to amplification measurements, we demonstrate
the performance of our device with linear and
nonlinear single-tone characterization. Initially,
we estimate vph by broadcasting a pulse through
the MI-KITWA, and in a different measurement
through a parallel control channel. We compare
the delay in arrival (not shown), and find vph con-
sistent with the theoretical expectation. In a sepa-
rate measurement we determine the critical current
of the WSi trace to be Ic ' 0.06mA.
Next, we plot the nonlinear magnitude of the
transmission (Fig. 2a). The power-dependent loss
can be associated with saturation of two-level sys-
tems (TLSs)14, and is consistent with ab initio sim-
ulations (where we use tanδ = 5×10−4)16. These
predict stronger amplification with only moder-
ate improvements, such as higher nonlinearity (i.e.
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FIG. 4. Dynamic range: Gp is nearly constant for var-
ious fs values, when we increase the signal power six
orders of magnitude and keep the pump power−53dBm
constant at fp = 6.0GHz.
lowering Ic).
In turn, Fig. 2b displays the nonlinear phase
accumulated through the device, allowing wave-
mixing and amplification, cf. Eq. 2. This phase
should be considered in light of the linear phase
accumulation of ∼ 103 radians (Fig. 2b. Inset).
The linear increase of the slope of the nonlinear
phase as a function of pump power follows Eq. 2
(here shown up to 6.3 GHz beyond which losses
make the extraction difficult at low power).
We now proceed to two-tone experiments,
where wave-mixing between a low-powered sig-
nal at frequency fs and a high-powered pump at
fp amplifies the former and produces an idler tone
at fi. The idler tone emerging at fi = 2 fp− fs is
found as fp is kept constant at various powers, and
the signal power is kept constant for changing fs.
Fig. 3a shows the pump amplification factor
Gp =
|Ipumps |2
|I0s |2
(3)
where Ipumps (I0s ) is the measured output current at
fs with(out) pump. We also plot the idler conver-
sion efficiency19, i.e. the ratio between the mea-
sured idler and the signal input:
Gi =
|Iouti |2
|Iins |2
(4)
These metrics are chosen instead of the more com-
monly used signal gain Gs = |Iouts |2/|Iins |2 as they
emphasize the nonlinearity of the MI-KITWA and
the wave-mixing in it respectively20. The strong
idler (Fig. 3b) confirms the wave-mixing taking
place in the MI-KITWA.
An essential property of our amplifier is its large
dynamic range (Fig. 4). The transmission of the
signal is nearly linear, as the power increases by
more than six orders of magnitude from−140dBm
(below the single-photon equivalent power level),
while a pump at 6GHz is kept constant at −53dB.
We conservatively estimate the MI-KITWA’s
noise temperature to be 0.25K < Te f f < 0.41K
by careful calibrations of the other components in
our system, including amplifiers, attenuators, and
cables21. This suggests the possibility of reaching
the quantum noise limit with the MI-KITWA22,23
by moderate improvement of the dielectric loss
tangent and increasing the nonlinearity of our WSi
(e.g. by different alloy concentration).
Applications of our device are not limited to am-
plification. The extraordinarily slow vph allows the
integration of the MI-KITWA or similar interfero-
metric structures in superconducting quantum cir-
cuits, since the phase accumulation is at least an
order of magnitude more compact than conven-
tional coplanar structures. Furthermore, the joint
distribution of signal and idler created in the non-
linear processes is expected to demonstrate two-
mode squeezing24.
In summary, we have developed an impedance-
matched microstrip amplifier, which derives its
nonlinearity from WSi’s power-dependent kinetic
inductance. With a wide bandwidth, large dy-
namic range, and a sub-Kelvin noise tempera-
ture our amplifier benefits superconducting circuit
readout protocols, especially with minor improve-
ments lowering the dielectric loss.
See the supplementary material for an expanded
description of fabrication, the choice of pump fre-
quencies, simulations including loss mechanisms,
the experimental setup, and the noise temperature
of our device.
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6Four Wave-Mixing in a Microstrip Kinetic Inductance Travelling Wave Parametric Amplifier
A. Fabrication
The MI-KITWA consists of three nanometric, mutually aligned layers as illustrated in Fig. 1 of the main
text. The bottom layer is the 11.6cm long trace itself, whose cross section is 2µm×5nm (during the research,
other dimensions were tested, but here we present and discuss the results of the final version only), created
by DC-magnetron sputtering a W-Si target (55%/45%) directly onto the high-resistivity Si substrate. This
first layer is, like the two to follow, patterned by optical lithography and defined by selective wet-etch to
form large pads at both ends of the trace.
The dielectric material for the second layer is chosen according to two properties: 1) its loss tangent
tanδ and 2) its permittivity εr. Materials with as low tanδ as possible are preferred to minimize dielectric
loss, and εr regulates Cl together with the thickness of this layer. We employ evaporated amorphous Si
for this purpose, as its tanδ ∼ 5× 10−4, while εr is close to well-known values of εSir (depends weakly on
morphology)16,25. Note that this lithographic step removes Si only from the WSi launchers (where metal in
the next step enhances galvanic contact between wire-bonds and WSi pads).
The final layer of metal, by our choice evaporated Al, constitutes the ground, and the third and last
lithography step now distinguishes between the all-covering Al and the aforementioned launch pads. Using
a parallel (top) ground plate covering most of the chip ensures a common global ground, as opposed to the
separated ground electrodes of co-planar wave guides, cut by the trace, and it also protects the trace from
scratches during subsequent handling and packaging.
B. Gain and choice of pump frequency
In the main text we characterize amplification with the pump amplification factor Gp, defined there in Eq.
3, i.e. by normalizing the signal transmitted under presence of a pump with the signal transmitted, when no
pump is applied. This metric emphasizes the nonlinearity of our device, and it allows ignoring loss from
packaging and other external sources. A more conventional description of amplification is the signal gain:
Gs =
|Iouts |2
|Iins |2
(S1)
i.e. Gs normalizes by the input signal, and is thus smaller than Gp due to internal loss mechanisms, which
we simulate below.
Gs is used to choose the optimal pump frequency for characterization experiments. In Fig. S1a-c we depict
the gain around various pump frequencies, and Fig. S1d shows the mean gain for all signal frequencies
around each fp for increasingly stronger pumps powers. Based on this, we operate our device only above
6000 MHz, where Gs (and as a result also Gp) is enhanced.
C. Theory and simulations
Following the established formalism of nonlinear optics, we simulate the performance of our amplifier by
describing the propagating current as a linear combination of signal, pump, and idler tones5,7:
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FIG. S1. Signal gain (by the definition in Eq. S1) for different pump powers, when the pump frequency fp is
(a) 6.4 GHz, (b) 6.7 GHz, and (c) 7.0 GHz. Note the cutoff of our measurement line beyond 8.3 GHz due to
circulator and HEMT characteristics. (d) The mean gain for all signal frequencies in a 250 MHz bandwidth
around fp.
I =
1
2 ∑n=s,p,i
In(z)e
(
i(knz−ωt)
)
+ c.c. (S2)
where we ignore other wave-mixing processes18 than four wave-mixing with 2 fp = fs + fi. The ansatz of
Eq. S2 is now used to solve the nonlinear wave equation
∂ 2I
∂ z2
=
d
dt
(
1(
vph(I)
)2 dIdt
)
(S3)
The nonlinearity of vph stems from the power-dependent inductance (see Eq. 1 in the main text), and leads
to the coupled equations, which under the undepleted pump assumption (Ip >> Is, Ii) take the form
dIp
dz
=
ikp
2I2?
|Ip|2Ip−ΓpIp (S4a)
dIp
dz
=
iks
2I2?
(
(|Is|2Ip + I∗i I2peiδkz
)
−ΓsIs (S4b)
dIp
dz
=
iki
2I2?
(
(|Ii|2Ip + I∗s I2peiδkz
)
−ΓiIi (S4c)
8Here δk = 2kp − ks − ki is the mismatch between the wave numbers of three current tones in discus-
sion, and as in the main text we include loss due to the dielectric material, expressed through the self-loss
coefficient
Γp =
2pi fp
vph
1
2
tanδ0√
(1+Ω2RabiT1T2)
(S5)
where ΩRabi is the Rabi frequency of the two-level-systems in the standard two-level-system (TLS)
model14,15, tanδ0 is the loss tangent (without saturation effects), and T1 and T2 are the decay and dephasing
times12,14. Specifically, ΩRabi = 2d ·E/h¯, where d is the dipole moment (in our simulations, d = 1Db). For
both T1 and T2 we use the value 100ns.
In the TLS model, losses are due to absorption of energy by TLSs. At high pump powers the TLSs become
saturated, and the energy absorption subsequently is decreased. The square-root in the denominator of Eq.
S5 accounts for absorption of a pump at fp not only by TLSs at the same frequency, but also those slightly
detuned. When turning to two-tone measurements (with a strong pump at fp and a weaker signal at fs 6= fp),
we assume that saturation effects are only caused by the pump, and that the absorption of the signal tone is
linear. The signal loss is thus a function of the probability that TLSs at fs are excited by the signal itself
rather than the pump. We approximate this probability by means of the saturation parameter of TLSs at fs,
when the pump is at fp26:
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FIG. S2. Simulations showing the impact of reducing the phase velocity on the amplification. (a) Amplifica-
tion (in dB) for a −48dBm pump at fs = 7GHz and a signal of −110dBm, neglecting nonlinear loss effects.
(b) Signal gain ratio as defined in [7]: Gs =
(
γkz
)2
+ 1 times the power loss factor L = e−2Γ0s z, simulated
without saturation effects for fs = 7GHz (with γ = (I/I?)2 = 0.1). The white circle indicates our working
parameters z = 11.6cm and vph = 0.0035c. Note that the theoretical amplification is a few dB higher than
what we found empirically, even after loss effects are taken into account. This discrepancy is likely due to
the simulation’s sensitivity to parameters such as tanδ and I?.
9FIG. S3. Experimental setup: Signal and pump are generated in two Anritsu MG3692B microwave gen-
erators (MG), merged in a power combiner (green) at room temperature, and passed through microwave
attenuators (yellow). For calibration we connect the MI-KITWA in parallel with a control line through cold
switches (purple) on both sides. The output passes through circulators (blue) to avoid reflections. Conven-
tional amplifiers are placed at 4K (HEMT LNF-LNC) and Troom (B&Z LNA 2-8 GHz) before readout in a
Keysight EXA N9010A spectrum analyzer (SA). In experiments without idler-measurements, the SA and
one MG are replaced with an N5230A vector network analyzer (light orange).
s =
Ω2RabiT1T2
1+(δ f )2T 22
where δ f = fp− fT LS (in this case fT LS = fs), and ΩRabi is the Rabi frequency of the pump. The excited
population of the TLSs due to the pump is subsequently ρee = s2(1+s) . Thus we write both for the signal and
the idler a pump dependent decay constant:
Γs,i = Γ0s,i(1−2ρee)
with Γ0s,i =
1
2
2pi fs,i
vph
tanδ0 being the linear decay constant, referring to the linear loss of the signal (idler) only,
as if no pump were present. The analytic solution for the pump (Eq. S4a) is Ip(z) = Ip(0)e
ikpz
|Ip(0)|2
2I2?
−Γpz
, as
shown in Fig. 2b in the main text.
Theoretical estimates of the amplification are now performed by initially simulating Eq. S4a to find the
nonlinear transmission spectrum (see insert in Fig. 2a in main text) and the power-dependent ΩRabi of the
pump throughout the MI-KITWA. Subsequently we numerically solve Eq. S4b and S4c. The resulting GP
and Gi for different pump powers appear in the main text’s Fig. 3.
We also calculate the enhanced amplification by our device due to the very low vph. Fig. S2a visualizes
how the amplification increases with decreasing vph, while the bandwidth is reduced. When expanding the
length z of the MI-KITWA, the loss intensifies as expressed by the loss factor L = e−2Γsz (note the factor of
10
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FIG. S4. Noise characterization. Signal output as measured after the cascade of switch, circulators, and
commercial cryogenic amplifiers, as it appears in Fig. S3, when the signal is detuned by 100MHz from the
pump at fp = 6379MHz.
2, as this is power decay). Here we again ignore saturation effects. Also the signal gain Gs = (γkz)2 + 1
depends on both length and phase velocity5, and the product Gs × L thus predicts for which (vph,z) the
highest amplification is accessible, as shown in Fig. S2b.
D. Noise temperature
Our device is the first component in a cascade of amplifiers (and effective attenuators) as shown in Fig.
S3, and we find its noise temperature by solving the recursive equations for Nin and Nout , the input and output
noise of the components from the MI-KITWA and up through the line. Each component is treated either as
an attenuator or as amplifier, in which case
Nin =
Nout
G˜s
− kBTe f f B (S6)
where B is the bandwidth (91 Hz in all our measurements), and Te f f is the effective noise temperature,
related to the noise figure NF , as NF = 10log10
(
1+Te f f /T0
)
, where T0 is the physical temperature. G˜s is
the signal gain ratio (e.g. Gs = 20dB =⇒ G˜s = 100).
Attenuators have:
Nin =
(
Nout +(G˜s−1)kBT B
)
G˜s
(S7)
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where G˜s still denotes the gain (0 < G˜s < 1 for attenuators) analogue to the case of amplifiers.
We determine the Gs of the MI-KITWA by comparing the measured output in the case of the highest
transmission on Fig. S4 with that from the control line (not shown), and we hereafter adopt the base line or
noise floor, −108dBm, as the noise output at the end of the cascade. Rigorously solving for each component
in the chain, including cable loss (treated as attenuation), sets the noise temperature of the MI-KITWA to be
0.25K < Te f f < 0.41K. The uncertainty results from an additional loss of∼ 3dB in the line measured, which
we were unable to affiliate with localized components in the cascade (leaving the temperature and position
of these sources of loss in the line uncertain).
The SNR of the measurement line with the MI-KITWA is read from Fig. S4 to be 15dB higher than the
SNR of the control measurement (with no pump).
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